The development of patterning methods for proteins and other functional molecules onto surfaces with nanoscale accuracy is indispensable to take advantage of their properties in ultrasensitive and/or high-density devices. [1] [2] [3] [4] [5] Several methods to fabricate organized 2D nanostructures make use of the ability of molecules to self-assemble through mutual recognition properties. [6] However, the supramolecular organization attained from ''bottom-up'' approaches is either difficult to extend from nano-to mesoscopic length scales or does not allow accurate placement of the desired structures on a specific region of an inhomogeneous surface. Similarly, a variety of methods based on Coulombforce-directed assembly of nanoparticles have been proposed. [7] [8] [9] Those methods provide patterning over large areas although the lateral resolution seems limited to above 50 nm. Different ''top-down'' lithography techniques, such as printing lithography [10] [11] [12] or scanning probe-based lithography, [13] [14] [15] [16] [17] [18] [19] [20] have demonstrated the ability to pattern functional structures. Template-directed growth or assembly of conjugated materials [18] or iron nanoparticles [19] has been achieved by scanning probe methods. However, tip-based nanofabrication has limitations to pattern large areas. By combining the use of patterned stamps and controlled dewetting [4] the patterning of single molecule magnets, crystalline aggregates of molecular compounds, [21] or nanoparticle superlattices [10] over large areas has been demonstrated. Still, the positioning of single molecules on these nanopatterns with 10 or sub-10 nm resolution remains a challenge. A strategy to overcome the above limitations is to combine ''bottom-up'' approaches with ''top-down'' nanolithographic techniques. A viable nanopatterning must also be compatible with the conditions where the molecules preserve their integrity and properties. [22] An appealing model is provided by ferritin, which is a cage-shaped biomolecule that accommodates an iron oxyhydroxide nanoparticle. [23] The structure of the iron core resembles that of ferrihydrite with a nominal formula (FeOOH) 8 (FeOH 2 PO 4 ). This protein is formed by a polypeptidic hollow shell (apoferritin) of ca. 12 nm that encapsulates a ca. 7 nm iron-based core (Fig. 1d) . Ferritin is remarkably stable and robust, and is able to withstand not only high temperatures (up to 70 8C), but also wide pH variations. Its isoelectric point is ca. 4.5, so that at pH values below 4.5 it becomes positively charged, while at larger pH values the ferritin is negatively charged. From the chemical point of view, the apoferritin cage can be used as a nanoreactor to synthesize a wide variety of nanoparticles inside, including metal nanoparticles. [24] [25] [26] [27] Several methods have been developed or applied to pattern ferritin molecules. [28] [29] [30] [31] In most cases, the patterning involved features made of aggregates of ferritin molecules and/or it was restricted to rather small areas. [30] Here we report a simple yet efficient method to deposit ferritin biomolecules over large areas, with an accuracy that matches the protein size ($10 nm). The selective deposition is driven by the electrostatic interactions existing between the proteins and the nanopatterned surface. microscopy measurements show that the patterning process does not alter the magnetic properties of the ferritin. Our study was performed on four different surfaces that have silicon as the bulk substrate (Fig. 1a) : i) silicon surfaces Si(100) covered by a very thin layer of native silicon dioxide (ca. 1 nm), ii) silicon dioxide patterns fabricated by local oxidation nanolithography with an atomic force microscopy (AFM), iii) silicon surfaces functionalized with a self-assembled monolayer of octadecyltrichlorosilane (OTS) and iv) self-assembled monolayers of aminopropyltriethoxysilane (APTES) grafted on a silicon surface. In a first step, the different affinities of the surfaces toward the ferritin molecules were tested as a function of the pH of the solution. These experiments were performed by drop-casting 20 ml of a solution of the ferritin molecules at the desired pH for 45 s, then the surface was rinsed in distilled water and blown dry in N 2 gas. Under different pH values, the deposition of the ferritin into the above surfaces displays distinct and highly controllable attachment properties. Figure 1b shows the particle density as a function of the pH of the solution containing the ferritin. The quantitative results are derived from the analysis of a series of AFM images (Supporting Information, Fig. S1 ). At low pH, the molecules are predominantly deposited on the local silicon oxide patterns with a ratio greater than 40:1. At pH ¼ 6 the surface functionalized with APTES becomes favored, reaching a density of about 300 particles per mm. The ratio with respect to the other regions is again 40:1. At higher pH, the preferentiality on the APTES surface decreases, while no major changes are observed on the other surfaces (silicon, local silicon oxide patterns, and OTS-functionalized surface). It is worth noticing that over the range of pH values examined here (from 3 to 10), the ferritin shows little preferentiality for its attachment to the bare and the OTS-functionalized silicon surfaces. The AFM images show, respectively, less than 10 particles per mm and 1 particle per mm for silicon and OTS surfaces.
The above observations can be explained in terms of electrostatic interactions (Fig. 1c) . At low pH, the ferritin becomes positively charged and it is repelled by the aminoterminated group, which is protonated at low pH values. At pH ¼ 6, the ferritin is negatively charged so it is attracted by the APTES monolayer, which is still protonated. [28, 31] At higher pH, most of the ammonium groups on APTES are neutralized and therefore, the electrostatic attraction between the proteins and the APTES surface is reduced. The local silicon oxide patterns are negatively charged as a consequence of the trapped charges generated during the field-induced oxidation process occurring inside the oxide nanostructure. The trapped charge characterizes the local oxidation process and it does not depend on the pH of the solution containing the proteins. Consequently, at low pH the positively charged ferritin molecules are still attracted toward the local oxide marks.
Similarly, the ferritin molecules can be detached from the surface by changing the pH. For example, the molecules attached to the APTES-functionalized silicon surface are completely removed after sonication for a few seconds in an aqueous solution at pH ¼ 3 (see Supporting Information). This removal process does not alter the properties of the functionalized surface, because new ferritin molecules can be re-deposited at pH ¼ 6 on the same sample surface.
We describe two tip-based nanolithography methods and a printing method developed to pattern ferritin molecules with nanoscale accuracy. The tip-based methods make use of the preferential attachment of ferritin on either local oxides or APTES silicon surfaces shown in the preceding section. AFM nanolithography has fabricated one of the smallest periodic patterns at ambient conditions, [32] so it will be a valuable technique to define the resolution limits of ferritin patterning. Two different pH conditions -acidic and neutral -are designed to deposit the ferritin molecules. Figure 2a schematizes the method followed to deposit ferritin molecules on the local oxide nanopatterns under acidic conditions (pH ¼ 3). The silicon surface is covered with an APTES monolayer and then a region is locally oxidized with the AFM tip. The oxidation process also removes the monolayer under the tip. The nanostripe before deposition is shown in Figure 2b , while Figure 2c shows a densely packed distribution of proteins on the nanostripe. The ferritin molecules form a non-periodic structure with an average molecule-molecule distance of 20 nm (inset in Fig. 2c ). The total absence of ferritin molecules outside the patterned stripe is remarkable. This result underlines the strong selectivity of the patterning process. The compositional map provided by the AFM phase image [33] ( Fig. 2d and 2e ) shows three distinctive materials: the substrate (Si þ native oxide), the local oxide, and the molecules. By increasing the pH from 3 to 6, the ferritin changes its charge from positive to negative. The ferritin interacts repulsively with the local oxide pattern, which prevents its attachment. For this reason, we apply a method based on the combination of OTS-functionalized and APTES-functionalized regions for the attachment of the molecules at pH values above 4.5. The neutral character of an OTS monolayer minimizes the electrostatic interaction with the negatively charged ferritin molecule. Likewise, the ferritin molecules should be strongly attracted to the nanopatterns functionalized with APTES.
The above factors form the basis of the method developed to pattern ferritin at pH values close to 7 (Fig. 3a) . The process involves four main steps. First, the silicon surface is functionalized with an OTS monolayer. This replaces OH groups that dominate the native silicon surfaces in air with a methylterminated neutral surface. Then, a region of the functionalized surface is locally oxidized. The oxidation process removes the OTS monolayer. [34] [35] [36] The sample is immersed in an APTES solution until an APTES monolayer is deposited on the patterned region. The last step involves the deposition of the proteins. The comparison between the nanopattern before and after deposition of the proteins illustrates both the preferentiality and the selectivity of the deposition process ( Fig. 3b and 3c) . The accuracy of positioning individual ferritin molecules can be determined by patterning an array of parallel lines with a periodicity of 100 nm (Fig. 3d) . Each single local oxide line is about 10 nm wide, i.e., very close to the molecule diameter (see inset). A string of ferritin molecules that form 1D arrays can be observed in the narrowest sections of the patterned lines (Fig. 3e) . This demonstrates that a single-molecule deposition can be achieved by matching the width of the nanopattern to the molecule size.
Tip-based oxidation is a sequential process, which has inherent limitations to pattern very large areas. However, the elemental steps investigated by the AFM nanolithography are general and can be extended to pattern ferritin molecules over macroscopic regions. For this application, we use print-based methods such as lithography-controlled dewetting. [4, 10] Figure 4a schematizes the process used to form parallel arrays of single ferritin lines covering square-centimeter regions. A soft stamp inked with the molecules is lightly pressed against a silicon surface functionalized with APTES. The formation of a nanoscale liquid meniscus between each protrusion of the soft stamp and the silicon surface functionalized with APTES leads to the selective deposition of ferritin molecules. The lateral size of the meniscus determines the number of molecules deposited per line width. The meniscus size is controlled by the applied load. Figure 4b and 4c show a parallel array of single-molecule ferritin lines. The separation between the ferritin lines matches the periodicity of the protrusions on the stamp $700 nm. The regularity of the ferritin lines indicates that periodic structures in the sub-100 nm range could be obtained by using stamps with 100 nm or smaller periodicities. The inset in Figure 4c reveals that the size of the object matches the size of the ferritin molecule $10 nm. These nanopatterns are stable at room temperature and ambient pressure. Furthermore, magnetic force microscopy measurements performed on aggregates of ferritin molecules deposited by the above methods reveal that the magnetism of the encapsulated iron-core nanoparticle is preserved by the patterning process.
Our results show that the combination of top-down nanolithography techniques and bottom-up electrostatic interactions provides an efficient way to pattern single-molecules of ferritin on silicon surfaces with an accuracy similar to the size of the molecules ($10 nm). Thus, 1D arrays of individual ferritin molecules have been accurately patterned over a sub-micrometer region of the macroscopic silicon surface. In a different experiment, parallel arrays of single-molecule ferritin lines have been patterned over macroscopic silicon surfaces. By tuning the electrostatic interactions between the ferritin and the substrate via the pH, we have shown how this parameter can be used to effectively control the final position of the ferritin molecules, as well as the attachment/detachment process. This soft patterning method does not alter the morphology or the magnetic properties of the deposited molecules, as both topography and magnetic force microscopy experiments reveal. We have also shown that single protein patterning can be achieved with serial and parallel nanolithography. This emphasizes the robustness and general character of the nanolithography principles exposed here. The unprecedented control on the positioning of the biomolecules may open a versatile method to fabricate nanopatterns of functional nanoparticles, using the ferritin molecules as carriers of the nanoparticles.
Experimental
Silicon Samples: The semiconductor samples were p-type Si(100) with a resistivity of 10-12 V cm. The silicon surfaces were sonicated three times in a bath of NH 4 OH/H 2 O 2 /H 2 O (1:1:2) for 12 min each, then sonicated in deionized water (5 min), and blown dry in N 2 .
Ferritin: Horse spleen ferritin (Type I) was acquired from Fluka Biochemika (Germany). The starting concentration was 85 mg mL À1 in a 0.15 M NaCl solution. Here, the starting concentration was diluted in deionized water by mixing 5.8 mL of the starting solution in 20 mL of water. The solution containing the proteins was deposited on the silicon surfaces for 30 s, the sample was then rinsed in deionized water, and blown dry in N 2 . Acidic ferritin solutions were obtained by mixing the ferritin solution with HCl until the desired pH is obtained. Basic ferritin solutions were obtained by performing the mixing in NH 4 OH.
Self-Assembled Monolayers on Silicon: 3-aminopropyltriethoxylsilane (APTES) at 99% was acquired from Sigma Aldrich and used as received. To prepare a 1 mM solution, 11 mL of the starting solution was mixed with 50 mL of ethanol. A silicon sample was immersed in the solution for 45 min, then rinsed, successively, in ethanol and water. Octadecyltrichlorosilane (OTS) at 90% was acquired from Sigma Aldrich and used as received. To prepare 1 mM solution, 5 mL of the starting solution were mixed with 10 mL of anhydrous toluene. Prior to the functionalization, the silicon surface was heated at 80 8C in a solution of NH 4 OH/H 2 O 2 /H 2 O at the ratio 1:1:4 for 30 min. This process assures that the Si surface is OH-terminated. Then, the sample was blown dry with nitrogen and introduced in the OTS solution for 90 s. Next, the OTS-functionalized silicon surface was successively sonicated for 10 min in toluene, chloroform, ethanol, and water. Finally, the surface was blown dry in N 2 .
